The investigations of concentrating iron, slag and britholite-(Ce,La,Pr,Nd) from gaseous reduced Bayan Obo ore were conducted at 1 473 K in a super gravitational field. The results showed that iron grains concentrated at the bottom area along super gravitational direction, whereas the gangue formed the slag in the upper area along the opposite direction, as well as the REEs enriched into britholite-(Ce,La,Pr,Nd) with a typical hexagonal structure and concentrated in the bottom slag. Moreover, the effects of gravity coefficient on both iron-slag separation and the concentration of REEs precipitates were investigated further.
Introduction
The Bayan Obo ore formed by hydrothermal replacement of the sedimentary carbonate rocks in the Inner Mongolia is a rich Fe-LREEs-Nb deposit, 1) which accounts for onethird of the rare-earth reserves around the world.
2) Although the content of RE 2 O 3 (rare-earth oxides) in the ore body is up to 5-6 wt%, it was difficult to separate the REEs (rare earth elements) directly by beneficiation methods for their ultrafine-grained dissemination and complex mineral compositions.
3) The Bayan Obo deposit has been limitedly mined as an iron ore since the first discovery, including the Blast Furnace process 4) and the smelting reduction process. 5) However, according to thermodynamic data of the reactions among carbon, rare-earth oxides and gangue minerals, almost all REEs were smelted into the slag during the hightemperature process. 2, 5, 6) Hence, to effectively separate and recover the REEs from the ore, many techniques have been proposed.
2,6-8) Ding 6) proposed that iron nugget and slag could be separated from the pellets after reducing by carbon at 1 623-1 723 K, at which the bastnaesite decomposed into the oxides, and then most rare earth oxides compounded and precipitated into the strip cefluosil ([7(Ca,Ce,La,Nd) 2 SiO 4 ] (F,O) 10 ) after slow cooling since the phosphorus had been reduced into the iron, which was recovered by hydrochloric acid leaching. Similarly, Li 8) also investigated the melting reduction by carbon at 1 773 K and the similar cooling patterns 6) was adopted, but the different precipitates of britholite-(Ce) with a fine equiaxed shape that was different from the typical hexagonal structure reported by Noe 9) appeared in slag, which was enriched further by super gravity. Compared with the coal-based reduction, iron oxides can be reduced by reducing gas at a lower temperature without residual carbon, which was beneficial for preventing impurity elements infiltrating into the iron. 10) Hence, gaseous reduction of the Bayan Obo ore was conducted, and the separation of iron and slag in a super gravitational field was investigated under the inspiration of the successful application of super gravity technology on some other melts. [11] [12] [13] [14] The aim of this study was improving our fundamentally understanding on direct separation of the iron and the REEs from gaseous reduced Bayan Obo ore at 1 473 K, which was below the melting points of iron and fluorite while in the precipitating temperature range of REEs, 6, 8) and also providing a potentially feasible process of gaseous reduction combined with low-temperature separation of iron and slag in a super gravitational field for utilizing the lowgrade Bayan Obo ore.
Experimental
The Bayan Obo run-of-mine ore was employed in this study, its chemical compositions measured by XRF method are shown in Table 1 , and its mineralogical compositions determined by XRD method are shown in Fig. 1 , respectively. The contents of TFe (total iron) and RE 2 O 3 are 27.12 wt% and 6.35 wt%, and the minerals consist of hematite, fluorite, barite, aegirine, bastnaesite-(Ce,La,Pr,Nd) and quartz. After pulverizing to powders less than 150 μm, the ore was filled in a boat-shaped magnesia crucible and reduced in a resistance tube furnace (GSL-1700X) with a gas flow of 0.2 L/min H 2 (99.999%) and 0.1 L/min N 2 (99.999%) at 1 173 K for 4 h. It was indicated that more than 93% of iron oxides were reduced into MFe (metallic iron) with the mass fraction of 33.28 wt% in the reduced ore. But the bastnaesite-(Ce,La,Pr,Nd) and monazite-(Ce,La,Pr,Nd) remained the original state.
The super gravitational field was generated by a modified centrifugal apparatus (DL-8M) as depicted in Fig. 2 . The heating furnace was heated by resistance wire, and the temperature was adjusted by a programmed controller (KSY-6-16A) with an R-type thermocouple. Furthermore, the heating furnace and a counterweight were fixed symmetrically onto the centrifugal rotor, which rotated from verticality to horizontal when the centrifugal start running.
10 grams reduced ore powders were put into a graphite crucible (I.D. 14 mm), and placed further into a larger one with a lid for driving off the oxygen and preventing the possible oxidization. Thus the sample was heated to 1 473 K in a weakly reducing atmosphere, and the centrifugal apparatus was activated and adjusted to a speed of 1 196 r/min, 1 465 r/min, 1 692 r/min or 1 892 r/min (G = 400, G = 600, G = 800 or G = 1 000) at the constant 1 473 K for 10 min, respectively. Thereafter, the apparatus was shut off and the sample was water quenched. Meanwhile, the parallel experiment was conducted at 1 473 K for 10 min in normal gravity.
The gravity coefficient was calculated via Eq. (1): is the mass fraction of RE 2 O 3 in the slag (wt%). The samples prepared at different gravity coefficients were sectioned symmetrically along the super gravitational direction into two parts. One was polished and measured by SEM-EDS method to determine the microstructures, mineral compositions and distributions of the REEs precipitates.
While the other was crossly halved along the iron-slag interface and weighed respectively by electronic balance to gain the mass of the iron and slag, and then the mass fractions of MFe in the irons were measured by the chemical analytical method (GB/T6730.65-2009), while those of REEs in the slags were determined by X-ray fluorescence spectrometer (XRF1800), respectively.
Results and Discussion
The macrographs of the samples obtained at different gravity coefficients are shown in Fig. 3 . Obviously, the sample obtained in normal gravity maintained as a whole, and some pores presented within as shown in Fig. 3(a) . However, the layered structures with an explicit interface appeared significantly in the sample obtained by super gravity as shown in Fig. 3(b) . Combined with the SEM-EDS analysis of different areas in the layered sample as shown in Fig. 4 , it was evidenced that the iron grains concentrated at the bottom area along super gravitational direction due to the greater density, whereas the molten slag passed through the gaps among iron grains and migrated to the upper area against super gravitational direction. Furthermore, there was neither iron grains included in the slag nor the slag inclusions intermixed in the iron from a microscopic view as shown in Figs. 
4(a) to 4(d).
What's more, the REEs precipitates appeared as a typical hexagonal prism with the hollow structure inside, and the size of REEs precipitates was up to 500-1 000 μm as shown in Figs. 4(c) and 5, which was much larger than the fine equiaxed precipitates (30 μm) reported in previous study. 8) Combined with the energy dispersive spectrum as shown in Fig. 4(g) , all the REEs co-existing with some Ca, Si, P, O and F enriched into the crystal where defined as britholite-(Ce,La,Pr,Nd) due to the similarity of ionic radii and the interchangeableness of the REEs, 15) which was further verified by the SEM area mapping results given in Fig. 5 . Consequently, all the britholite-(Ce,La,Pr,Nd) concentrated in the bottom slag along super gravitational direction due to the greater density.
Furthermore, the fine flake-like particles of fluorite in size of 30 μm appeared in the middle-lower slag rather than presented in other minerals at 1 473 K as shown in Figs. 4(b) and 4(f), which facilitated the following separation of fluorite particles from the slag by some eligible methods.
Considering that the Bayan Obo ore powders were adequately reduced in current study, and most iron oxides transformed into the alpha iron, while almost all REEs minerals got out of the paragenetic gangue minerals during Gravity coefficients G =1 G = 400 G = 600 G = 800 G =1 000 gaseous reduction process, which significantly facilitated the separation and recovery of iron and REEs in the supergravity process. As the variations of mass fractions and recovery ratios of RE 2 O 3 and MFe in the samples with gravity coefficient are shown in Table 2 , it was illustrated that the RE 2 O 3 content in slag and the iron purity enhanced significantly with increasing gravity coefficient. In the case of T = 1 473 K, G = 1 000 and t = 10 min, the mass fraction of MFe in iron was up to 96.39 wt%, while that of RE 2 O 3 in slag was up to 9.95 wt%. The recovery ratios of MFe and RE 2 O 3 were up to 99.10% and 98.05%, respectively.
Conclusions
Under the condition of super gravity at 1 473 K, the iron grains concentrated along super gravitational direction at the bottom area, while the gangue formed the slag along the opposite direction in the upper area, as well as all the REEs enriched into the britholite-(Ce,La,Pr,Nd) and concentrated in the bottom slag. Moreover, increasing gravity coefficient was definitely beneficial for the iron-slag separation and the concentration of britholite-(Ce,La,Pr,Nd) in the slag.
